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• The “Western Tibetan Vortex” (WTV) – als o term ed the Karak oram V ortex – is r ecognized
(Forsythe et a l. 2017; Li et al. 2018) as a new anom alous lar ge-s cale deep v ortex syst em
which prevails over the western Tibetan Plateau (TP) in all four seasons.
• Its intensity is measur ed by the Kar akor am Zonal I ndex (KZI), whic h is defined as the
norm alized zonal wind difference between the north and s outh branch of the WTV; positiv e
(negative) KZI values indicate an anomalous anti-cyclonic (cyclonic) WTV.
• In this study, we pres ent the basic s patiotem por al c har acter istics of the WTV, im pacts and
its major therm ody nam ic mec hanism thr ough whic h the WTV modulate the temperatur e
changes over the western TP .
Introduction
• Th e circ ula tio n da ta a re f ro m ERA- Int eri m r ea naly sis ( 0.7 5°×0. 75°) . The p reci pit atio n ( m m da y-1) is fr om t he Asi an
Preci pita tion -Hi ghly -Re solv ed O bs erv ati onal D at a I nt eg rati on Towa rds Ev alu atio n (APH RODI TE ) dat as et (0 .2 5°×0. 25°, 97 9-
2007).
• Th e t he rm al equili bri u m e qu atio n (e. g., Hol ton 2 00 4; D ua n an d Wu 2 00 6; Yu 2 009 ; Yu et al. 20 11a , 2 01 1b ) fo r t he te m po ral me an
atm os phe re c an b e app ro xim ate d as: 0 ≈ − $$% & 𝜔 ()($ − 𝑉 + 𝛻$ 𝑇 + /01 . Th e mo difi ed th er mal e quili bri um e qu atio n ( MTEE ) is t he n
written as 0 ≈ 𝛿 𝐴𝐷𝐻 + 𝛿 𝐻𝑇𝐴𝐷 + 𝛿 𝐷𝐻 , where𝛿 𝐴𝐷𝐻 = 𝛿 − $$% & 𝜔 ()($𝛿 𝐻𝑇𝐴𝐷 = 𝛿 − 𝑉 + 𝛻$ 𝑇𝛿 𝐷𝐻 = 𝛿 /01
.
Th e 𝛿 re pr es ent s t he co mp osit ed diff er en ce of th e t er m be twe en th e posi tive a nd n ega tive K ZI eve nts. ADH is th e a dia ba tic
hea tin g t er m t ha t r ep re sen ts the a dia bati c si nkin g (co m pr essin g) o r risin g (ex pa ndi ng ) p ro ces s; H TAD i s t he ho riz ont al t e mpe ra tu re
adv ecti on te rm th at re pr es ents t he eff ects o f t he wa rm o r c old cu rr ent s; an d D H is th e dia bati c h ea ting t er m t ha t r ep re sen ts the n e t
effects of the sensible heating conduction, radiative heating, latent heating release, and etc.
• Th ro ug h t he dia gn osis of th e maj or M TEE t er ms, w e c an disti ng uish th e maj or a nd mi nor t her m ody na mic pr oc ess es c ont rib uti ng
to the temperature changes associated with the WTV variability.
Spatial Structures of the WTV
Seasonality and Year-to-Year Dominance
Major Thermodynamic Mechanism
Summary
The WT V provides a dominan t driver of c irculation variabil ity over the western T P, explaining over 50 %
variance of the western TP circulation on mul tiple levels throughout the troposphere in most seasons. In
particular, it dom inates middle-to-lower troposphere and near surface air temperature variability and also
causes opposing temperature changes in the lower stratosphere above the western T P, resulting in an
anomalous tempera ture “dipole” structure in the vertical te mperature profile . Our theoretical approach
demonstrates tha t ad iabatic sinking-compression (ris ing-expansion) provides the overwhelming control on
both the middle-to-lower tropospheric and lower stra tospheric te mperature increases (decreases) under anti-
cyclonic (cyclonic) WTV conditions over the western T P high mountain area in all four seasons. This also
explains the mechanisms behind the anomalous te mperature “dipole” found be tween the mid-lower
troposphere and lower stratosphere. We a lso f ind that the WT V signi ficantly modulates changes in
precipitation pat terns and total column ozone surrounding the western TP. As such, the WT V has importan t
implications for the understanding of atmospheric, hydrological and glaciological variability over the TP.
Data and Method
• Horiz onta lly ( Fi g. 1), t he an ti -c ycl onic ( cyc loni c) WTV is
repre se nt ed by the a nti -c yc loni c (c yc loni c) w ind s truct ure s an d
the posit iv e ( ne ga ti ve ) HG T anoma lie s duri ng a pos iti v e
(negat ive ) K ZI pha se , wh ic h are a ss oc ia te d wi th the warme r
(c oo ler) a ir t empera tur e i n t he ne ar s urf ac e of t he we st ern TP. It
spans 3– 4 tim es t he we st –ea st brea d th of t he I ndi an Pe ni nsu la ,
with its center located at the western TP.
• Vertic ally, t he W TV ex hi bit s as a n “dee p” s truc t ure i n
ge opote nt ial hei ght fi el d (c ont ours i n F ig. 2 ), wi th t he c ore ma s s
col um n of t he W TV ex te nds from t he ne ar s urf ac e of t he W TP t o
above the tropopause.
• A ver tic al tem per at ure “d ipol e” str uc tur e ( c ol or-s ha di ng i n Fi g. 2 )
exi st s be twe e n t he mi d- lower tropos phere ( blow 15 0 hPa an d
ce nt ere da t 50 0 hPa ) a nd t he l ow er s tra tosphere (a bov e 15 0 hP a
and c en ter ed at 10 0 hP a), sugge sti ng t he WTV ca us e opposi te
tem pera tur e c ha nge s i n t he mi d- lower tr opos phere a nd i n t he
lower stratosphere.
Figure 1 Horizontal structure of the WTV. Represented by the correlations between the annual mean KZI and (a) geopotential height (HGT) and (b) a ir
temperature for annual mean at the 500 hPa level (the near surface of the Tibetan Plateau) for 1979-2016. Only significant correlations above the 0.05 level
are shown, after taking account of the efficient number of degrees of freedom (Zar 1984; Li et al. 2013). Vectors are composites of the correlations with
horizontal wind components (U,V): a significant vector denotes either one of its componentsis significant. Correlation length scale is in upper right corner of
panels. The black dot denotes the central position (36°N, 75°E) of the Karakoram focusarea. The grey shaded area denotes topography above 1,500 m.
• Show n a s Fig . 3 , the W TV is a cti ve i na ll ye ar ar ound; And , the
WTV has obvious se as onali ty a s it s act ivi ty be com es w ea ker
in summer and stronger in winter and early spring.
• The WTV provi de s the domi na nt atm os pheric var ia bi lit y over
the we st ern TP, w hich ca n be pr oof ed well in the ne ar s ur fac e
(50 0- hPa ) ai r t e mp era tu re fiel d a nd i n t he u ppe r- tr op osp he re (2 50 -
hPa) H GT, a s t he W TP ca n expl ain ove r hal f (> 50% ) of th e
vari anc e of th e ne ar s urf ac e air te m pe rat ur e ( Fig. 4 a) a nd u pp er -
tro pos ph er e H G T (Fi g. 4 b) ov er th e WTP in mos t s ea son s an d i n
the annual mean. Also see Section 4.2 of Li et al. (2018).
Figure 2 Vertical structure of the WTV. Represented by the
correlations between annual mean KZI and geopotential height
(HGT, contour), air temperature (T, color-shaded), and vertical wind
(arrows) vectors (V,W) along a latitudinal profile (across 70°E-
80°E) for 1979-2016. Contour interval is 0.1. The color-shading
(a-d) denotes the correlations with Tsignificant at the 0.05 level,
after taking account of the efficient number of degrees of f reedom
(Zar 1984; Li et al. 2013). Vectors are composites of the
correlations with meridional and vertical wind components (V,W): a
significant vector denotes either one of its components is
significant. Correlation length scale is in upper right corner of
panels. Black shaded area denotes the topography. The green
triangle denotes the central Karakoram (36° N, 75° E).
Figure 3 Annual cycle of t he WTV. Represented by daily KZI
for 1979-2016 as a function of calendar day. Annual cycle is
repeated to provide continuous information on the cold season.
Figure 4 Regression slopes of annual mean
air temperature (K) onto the standardized
annual time series of KZI for 1979-2016. a)
2m surface air temperature, b) stratospheric
air temperature at the 100 hPa level. The
colour shading denotessignificance above the
0.05 level after taking account of the efficient
number of degrees of freedom (Zar 1984; Li
et al. 2013).
• Fig. 4 sh ows t ha t an anti -cycl oni c (cy clo nic )
WTV cau ses sig nific an t w ar min g (co olin g )
of 2 m s urf ac e ai r te mp er at ur e a nd c ooli ng
(wa rmi ng ) of s tr atos ph eri c ai r te mp er atu re
centred at 100 hPa over the WTP.
• Fig. 5 sh ows t hat t he W TV va ria bility is
res po nsibl e f or t he o ppo sin g n ort h- so uth
pre cipit atio n dip ole p atte rn a ro un d t he TP
between summer and winter.
• Fig. 6 s how s t ha t W TV is also i mp ort an t f o r
the dist rib utio n of t ot al c olu mn oz on e a nd
the in put of ult ravi ole t ray s, es peci ally in
sum m er se aso n, ov er th e W TP, w hich co uld
pro vid e a n ew wa y t o un der sta nd a nd
pre dict th e c ha ng es i n O3 an d t he “ ozo ne
valley” over the TP.
Figure 5 The correlations between the
mean precipitation and time series of KZI
in a) summer (JJA) and b) winter (DJF) for
the period 1979-2007. The colour shading
denotes significance above the 0.05 level,
after taking account of the efficient
number of degrees of freedom (Za r 1984 ;
Li et al. 2013).
Note: The western TP high mountain area refers to the area with
altitude above 1,500 m within the area of 24.75°N ~44.5°N,
60°E~90°E. The difference of each term is defined as the average
for positive KZI events minus that for negative KZI events, which
represents the contribution of the term to temperature increases over
the western TP related to positive WTV. Here, the average of the
differences of the terms over the western TP high mountain area is
used to represent their mean contributions to temperature changes
over the western TP. Values below 1,500 m are masked out befo re
the averaging. Negative (positive) values at 70 hPa (500 and 300
hPa) are shown in bold, which positively contributing to the lower
stratospheric (tropospheric) temperature changes.
• Fi gur e 7 s how s t he s c hem ati c di a gram of t he domi na n t
thermody nam ic pr oc es s of the vert ic al tem per at ure ” di pol e” : In
the mi d-lo we r t ro pos ph er e b elow 1 50 hPa, wit hin t he co re
atm os phe ric m ass c olu mn ( as in dica te d by co nto urs i n Fig . 2) of t he
anti -cycl onic W TV, th e dow nw ar d wi nd an om aly (v ect ors in Fig . 2 a nd
Fig. 7 ) bri ngs at m osp he ric ma ss v olu m e in to de ns er p re ssu re lev els ,
caus es exp an sio n o f th e v olu me of th e a tm os ph eric m ass, an d res ults
in the i ncr ea se o f air te mp er atu re i n th e mi d-l owe r tr op osp he re
cent er ed at 5 00 hPa ; In con tr ast, the up wa rd wi nd an om aly ab ove
150 hP a b rin gs at mos ph eric m ass vol um e i nto lig hte r pre ssu re lev els ,
caus es co mp res sio n o f th e v olu m e o f th e at mos ph eric m ass , a nd
res ults i n th e d ecr eas e o f air te mp er atu re i n th e lo we r tr op osp he re
cent er ed a t 10 0 hPa. Fo r c yclo nic WTV, t he a diab atic p ro ces ses a re
reversed in both levels.
Figure 3 Dominance of the WTV onyear-to-
year circulationvariability over the western
TP. Represented by the ratio (%) of the
explained variance of the meridionally-
averaged (24.75°N ~40.5°N) a) 500-hPa air
temperature and 250-hPa HGT above the
Tibetan Plateau by the standardized WTV
intensities as a function of longitude for 1979-
2016. Winter (DJF, blue solid line), spring
(MAM, green solid line), summer (JJA, red
dashed line), autumn (SON, orange solid line)
and annual mean (bold solid line). The
topography of Tibetan Plateau is shown in the
bottom panel (24.75°N ~40.5°N,
60°E~110°E), the grey shaded area denotes
the topography above 1,500m. The black dot
denotes the central position (36°N, 75°E) of
the Karakoram focus area.
Impacts
500- hPa 300- hPa 70- hPa
Sum m er  
( JJA)
𝛿 𝐴𝐷𝐻 0. 0365 0. 060 - 0. 562𝛿 𝐻𝑇𝐴𝐷 - 0. 0144 - 0. 069 0. 493𝛿 𝐷𝐻 - 0. 0221 0. 009 0. 069𝛿 𝑇 0. 55 0. 77 - 0. 99𝛿 𝑇7 8 0. 50
Aut um n 
( SON)
𝛿 𝐴𝐷𝐻 0. 119 0. 34 - 0. 075𝛿 𝐻𝑇𝐴𝐷 0. 017 - 0. 21 0. 024𝛿 𝐷𝐻 - 0. 136 - 0. 13 0. 051𝛿 𝑇 0. 55 0. 94 - 1. 02𝛿 𝑇7 8 0. 33
Wi nt er
( DJF)
𝛿 𝐴𝐷𝐻 0. 27 0. 49 - 0. 512𝛿 𝐻𝑇𝐴𝐷 - 0. 10 - 0. 43 0. 477𝛿 𝐷𝐻 - 0. 17 - 0. 06 0. 035𝛿 𝑇 0. 95 1. 00 - 1. 95𝛿 𝑇7 8 1. 07
Spr i ng 
( MAM)
𝛿 𝐴𝐷𝐻 0. 19 0. 34 - 0. 190𝛿 𝐻𝑇𝐴𝐷 0. 003 - 0. 21 0. 194𝛿 𝐷𝐻 - 0. 193 - 0. 13 - 0. 04𝛿 𝑇 0. 63 0. 74 - 1. 52𝛿 𝑇7 8 0. 81
Table 1 Area-averaged differences of the MTEE terms (KDay- 1) and air
temperature (K) over multiple levels between positive and negative KZI
events over the western TP (24.75°N ~44.5°N, 60°E~90°E) high
mountain area (altitude above 1,500 m) in 1979-2016.
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Figure 7 Schematic d iagram of
the dominant thermodynamic
proc es s (c o lor arrow)
ov erlapped upon the
anomalous annual mean z onal
wind (c i rc le wi thc ross or point
in the middle), a i r temperature
(c o lor s hading) and horiz ontal
anti -cy clon ic wind struc ture
(c urv ed 3-D arrow) for the
pos i tiv e KZI phas e (anti -
c y clonic WTV) abov e the
wes tern TP c entered at the
Karak oram .
Figure 6 Regression slopes of total column ozone (10- 2 g
m- 2) onto the standardized time series of the annual mean
KZI for 1979-2016. The colour shading denotes
significance above the 0.05 level, after taking account of
the efficient number of degrees of freedom (Zar 1984; Li et
al. 2013).
• Ta ble 1 dem onstr at es t ha t ad ia ba tic he ati ng is t he domi nan t
thermody nam ic pr oc es s m odu la ting t he tr opo s pheric a nd l ower
stra tos pheric t empera ture changes a ss oc ia te d wi th W TV
variability over the western TP in all four seasons.
